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1. Physical Properties of Cryogenic Fluids

R. D. Goodwin, H. M. Roder, L. A, Weber, and B. A,

Younglove

1.1 Parahydrogen

Publications on viscosity by D. E. Diller, and on sonic velocity
by B. A. Younglove are listed below. Notes by R. J. Corruccini on
refractive index and on surface tension are in press as listed below.

The final compilation of thermodynamic properties by Roder and Weber
is in press for an NBS monograph, listed below.

Work on the equation of state has taken a favorable turn, result-
ing from use of the Beattie-Bridgeman form for density-dependence of
the internal pressure (R. D. G.).

Experimental work has begun on apparati for determining dielec-
tric constant of the solid (B. A. Younglove), and for thermal conductivity
of fluid (H. M. Roder and Gary Petersen). Experimental work is con-
templated on refractive index.

""Tabcode' is the reduction of hydrogen properties to a high
speed computer program. This program may be used like a ''black box"
to obtain hydrogen properties at pressures from 1 to 5000 psia, and
temperatures from the triple point, 24.845°R, to 5000°R. Included
here are the listings of two of these programs as written and running on
a Control Data Corporation 3600 computer.

Although these programs are written in "Fortran, ' certain
changes are necessary to make them compatible to IBM equipment.
These changes are:

1. Change all DATA statements from CDC form to TRM

form, e.g. DATA (R = 1.0) to DATA R/1.0/.




2. Eliminate all double replacement statements, e.g.

I =PR = P/587.84to PR = P/587.84
I =PR
3. Insert the implied conversions from fixed to floating

point to all mixed mode arithmetic expressions, e.g.

F=PR-ItoF =PR - FLOAT (I).

The first program listed, PHTEMP, returns a temperature in
°R when it is provided with a pressure, PRES, in psia and an enthalpy,
ENTH, in BTU/lb. A typical Fortran statement might be:

T = PHTEMP ( 14.696, 81.4, QUAL).
This would cause T to be replaced by the temperature corresponding to
1 atmosphere ( 14.696 psia) and 81.4 BTU/lb. The value of T in this
example is the boiling temperature of hydrogen at 1 atmosphere,
36.48°R.

PHTEMP also returns the quality of the fluid, QUAL. The
quality is 1.0 for a gas, 0.0 for a liquid and - 1.0 for a solid. In the
liquid-vapor dome, a number between 0 and 1 is returned for quality

which is the ratio:

Mass of Vapor

A =
QUAL Total Mass

For values of pressure and enthalpy below the solidus line:

Mass of Solid

QUAL =- Total Mass °

Whenever requests are below the solidus line, the temperature
returned will be the temperature on the solid-liquid boundary. Qualities
less than -1.0 mean only that the hydrogen is all solid and no attempt is
made to return temperature of solid hydrogen. The temperature will

still be the temperature at the solid-liquid boundary.

PH TEMP agrees, to at least 1%, with the source data, which

is:




SOURCE PRESSURE RANGE ENTHALPY RANGE

psia BTU/1b.
NBS Report 7987 1 to 5000 -110 to 425
NBS Tech. Note 130 1 to 1500 425 to 1800
ASD Tech. Report 61-360 1 to 3000 1800 to 20, 000

(AiResearch Mfg. Co.)

Values for freezing hydrogen are taken from Goodwin and Roder's paper.*

Requests for values outside the pressure range are extrapolated
but should still be fairly accurate since the variation of temperature with

pressure is quite linear outside the range of the reference data.

The second program listed, PHENTR, returns an entropy in

BTU/lb. -°R for a typical Fortran statement:

S = PHENTR ( P, H).
The pressure, P, must be in psia, and the enthalpy, H, in BTU/1b. The
source data is the same as for PHTEMP, but extrapolation may not be
so good from this table since entropy varies as the logarithm of pres-
sure. The error in this case is also held to within 1% of the source
data. The same conversion is also needed if the program is to be used
on an IBM rather than a CDC computer because of the difference in their

respective Fortran systems.

These two programs are operational at the present time and
decks are available. Decks for other variables; density, internal en-
ergy, specific heat, sound velocity, viscosity, and thermal conductivity;
should be available shortly for both pressure-enthalpy and pressure-

temperature entries,

*Goodwin, R. D., and Roder, H. M., Pressure-Density-Temperature
Relations of Freezing Liquid Parahydrogen to 350 Atmospheres,
Cryogenics 3, 12-15 (March 1963).




FUNCTION PHTEMP (PRESsENTHyQUAL)

DIMENSION LOC(12)Y9JP(12)eT(375)DP(12)9DHI(12)+BP(12)sBH(12)sMX(12)
19)R(19)eTL(19)+TG(19) 9 TF(19)sSH(10)»TS(1Q)

DATA (R=1,02242¢004,098,0914,0925,0943,0¢69,0999,0,128,0¢151409
1165:00176,00182409185.09186459187,259187.46875,187,506) 4 (TG=60.31»
265.11.70.59,76.35,80.98985.11987.40,36.54.81.94974.15,64.83956.869
347.34039.56933.46,28.34922.31918066’16055) L] (TL=-132089"129.130
4-1240259-117079"‘110.860'101o3"89004"7‘0229-580589"43043’-30007’
5e200560=110139=4,2701¢1795.54910,83914,29+16,36)4(TF=24,845,27,07,
629.81933.07+36018939,96+44,12948.33951497954479456,72+57.80458,57,
758.99:59.18059.29959,34+459,353459,356)

DATA (SH==132,89=109,969=87,59¢=65,T19=44,279=23,189=2,45918,06,
138.32+58,50) 9 (T5=24,8646927.175429.3109314299933.176934,962936,672,
238.317939,904,+4],.,456)

DATA(LOC=7+¢100+118¢1509191785218994283+43319340,358)

DATA(JP=119398+7911985139119893+3+3)

DATA(MX=041969599969119196910ls])

DATA(NP=3000s001750,0,587.844146,96,440,88,587,84,73,48,293,32,
173.4891500000120009600)

DATA(DH=3000¢0027560985,306985,306+194194931+99+31,99:20.26919,194
1¢5000,0,20004092000,0)

DATA(BP=0¢0+881¢76909587:84988]1.769090973:48300=40.00=2.0)

DATA(BH=1800.01425,09170:s6191T70s619-110,9042:65+42,659=134,4»
1-53432,10000.0,10000.0,1000040)

DATA((T(I)sI= 19 99)= 26¢93+¢18454910.35y O O 09538,3,
152548424.22018¢564111e13437.27929,70921.66+13,12 O 061399,
21379¢034,94930,37124,81445,61440,12+32,85424,73510,16, 0+2235,,
32214 4042.93040,14¢936,22¢52,51948,584643,00935,98,28,21¢19,2393017,
463003, 448,76,47,69,45,19,58,364,55,864,51,48,45,90,39,12,31,21,23,56,
5 0952.66953063952.51'63038'62'26,58095054038!‘8080'42.2593‘065'
627¢13¢19.19, 0, 0967e70968004965:681610694957,2415172945436
738.02030.67923-10' 0971050973035971091968091’64.87'60010054.65'
B4B,6944) ,67933¢99926¢07976,93978,3097T7e75975,40971,97+67.794¢62,98,
957 ,60951,59444,86437,44)

DATA((T(I)sI=100911T7)= 165.5+176,54180.29245,10248,64250,0+316,1,
1317¢20316¢99387 654387610385, 7046),7946041+457,8+538,34535.99532,9)

DATA((T(INvI=11R4149)= 106¢49112,00112.89111,2910842+10442999,50,
196.300128,79134,54136,4+135,99134,0013142+127.74123.6,152.8+157,6,
2159.59159.59155.2.156.0.153.30150.0017700,180.50182.00182.09181.10
3179.2+176,94174,.1)

DATA((T(I) 1 I=1504177)= 69,28980,43+88,86995,21+99,97+103,64106,4,
1103070110.0011902+119¢69123429126429128479136,44140420143459146,4,
2148494151 ,09152.8:9166409168¢501T70,79172.69174,34175.7+177,.0)

DATA((T(I)+I=1784217)= TTeBO0sT7T74a75974,35169,24962,98455,6T7+47,21,
137.67:84,R9:86e83¢B4,76380e75175655969,44962¢539546,74491+80995.41,
294-51’91044'a7008’81083975.86'690249980899103.7’10308'10105’970900
393,33488,07482.249106,49112,00112,89111,29108,29104,2+¢99,50094,30)

DATA((T(I)yI=2184282)= 17,02+50,26¢55,60462,01966,36469,49,71,82,
173e5B¢74493975:e97976eTT97Te40077:80030e60046,62957,11¢64414969,25,
273.12076-12978050080039981090983013’84.12'84.89943.29054.15'62043’
368,86¢73,91477.95981,22¢83,90086,11987,94489,47+90,76+91,80456,29,
6664,12¢T06621T6607¢80662+864¢3B¢BT7659990431992661994457+96425997,.67,
59R,89¢69,28075:23180+43084.94¢B8.860992,2609542199777999¢979101.9
6103'6!105-1’106.4)

DATA((T(1)s1=283,330)= 52,78+53,28953,56453,62953,51+53,28+52,93,
152¢50456463956:25¢570330¢57¢97958434958,50958.50058,35¢59,99¢5T7,71

4




10

11

12
15

101

259,72¢61¢20:¢62.13962,78:463.18463,37, 0957451060,91¢63:437465,10,
366.27+67,12¢67.69, 0956,68161,52¢65.01967,46969,21970.52+71,49,
4 0056.25962.01’66.369690‘9971.82973.47|7‘.93)
DATA((T(I)e1=3319339)=22816,002807.092797¢0+4064,044044,004037,0,
15039,0¢5%118,0¢5139,0)
DATA((T(1)91=340¢357)=2817,92816,912815,93317,¢3323,93323,+3765,,
13802693807 604124094236,164256404390694610694656,+4587,+4921495001,)
DATA((T(])s1=358+375)=2813,92817.92817493294493314,93319.9366349
13753..3775.03908.o4104.,4155.’4079.94369.o4455.o4209.q4575.94692.)
P=PRES

H=ENTH

Q=1 0

IF(HoLTe42+65) GO TO 10

IF(H,GE«170.61) GO TO 1}

N=6

GO TO 2

IF(H,GE426,53) GO TO 3

N=3

IF(PeLTeB88la76) N=N+l

GO TO 15

IF(H.GE,1800,0}) GO TO ¢4

N=2

GO 70 20

IF(H,GE,10800,0) GO TO 5

N=1

G0 70 20

IF(PLE+200.0) GO TO 6

N=10

GO 70 20

IF(P.LEs1140) GO YO 7

N=11

GO 10 20

N=12

GO T0 20

IF(P.LT.5R87.84) GO T0 11

N=5

GO TO 1S

IF(H.GE«=53,32) GO T0 12

N=8§

GO TO 15

N=9

IF(H,GT.8755) GO T0O 20

I1=PR=pP/587.84

IF(I1.GT.R) I=8

F=PR=1

FP=1l,0~F

HS=FP#SH(I+]1) +F#SH(I+2)

TQ=FP#TS(I+]1)+F#TS(1+2)

IF(H,LT.HS) GO TO 17

IF(P.GT.187.506) GO TO 20

IFIP.LTe1.021) GO TO 105

DO 104 I=2+19

IF(P«-R(1))102+101+104

HL=TL (I)

HG=TG(I)

TR=TF (1)




102

104
105

106

16

17

20

30

GO TO 106

D=R(I)=R(I=-1)

PRR=R (I} =P

PPR=P=R(I=1)
HL=(TL(I)#PPR+TL(I=1)#PRR)/D
HG=(TG (1) #PPR+TG(I=]1)#PRR) /D
TQ=(TF (1) #PPR+TF (I1=1)%PRR) /D
GO TO 106

CONTINUE

HL=-132|8

HG=60.31

T0=24,84

IF(H.GTLHL) GO TO 1l6

Q=040

GO TO 20

IF(H.GT.HG) GO TO 20

Q= (H=HL)/ (HG=HL.)

GO TO 30

Qz (H=HS)/(0.0026806%#P+25,021)
GO TO 30

FP=(P=BP(N))/DP(N)

IP=FP

IF(IPJGT«MX{N)) IP=MX(N)
F=FP-1P

FP=1.,0=F

FH= (H=BH(N) ) /DH(N)

IH=FH

FF=FH=IH

FH=]l4.0=FF
I=IH#JP (N) +IP+LOC (N)
J=1+JP (N)

TQ=FP#FH*T (1) +F#FHuT(I+1) +FP#FF&T (J) ¢FRFF#T (Je1)
QUAL=Q

PHTEMP=TQ

RETURN

END




FUNCTION PHENTR(PRESENTH)

DIMENSION LOC(20)¢yJP(20)9S(533)sDP(20)9DH(20) +BP(20) +BH(20) yMX (20)
1oR(19) sHL (19) sHG(19) 9SL(19) +SG(19) sHS(10) +5S(10)+TS(10)

COMMON/ENTRPY/S

DATA ((S(I)oIm1916)=26,T2596014215,81595,58697,631:06,98646,615,
160354g8031607.648'7.259060983080871980192070795!70513)

DATA ((S{1)e1231T7036)=8,5899T7 7180728496099 T796,785¢9:57698,683,
18623097 ¢92597:696910428609,38798,927:8:,61898¢384910,8599,949
29.488,9,175,8,938)

DATA ((S(1)yIa37+56)=10,83799.93899,47899,168,8,933+11,837,10,936,
1100473’10.161090925'12.553’1106500110188!100874’10.6370130118!
212.215911,753+1114439511,201)

DATA ((S(1)eI=5T7974)2T7,69897¢012916¢59819,01498,309+7.88499,993)
19,285,8,859410,777910,07049,645,11,427910,721910,300411,797911,276
2+10,856)

DATA (R=1,022024094,098,0914,0025,0943,0969,0099,0+128,0915140,
1165¢00176,00182,09185.01186,59187,259187,46875,187,.506)

DATA (HG=60431965,11970459976¢35¢80:98985.11987,40+86454181:94
1764415164 ,83456¢86947¢34139,56933,46928,34922,31+18,66916,55)

DATA (MHL==]132,81=129,131=124,2592117e799=110,869~=101,39=89,04,
174¢229=58:589~43,439=30e079=20e569=11,139~442791,1795,54910.83,
214029';6036,

DATA (SG=8¢961¢8¢50898,03837¢56797019096¢79696,40116002295.6809
15¢37545,11744493004,74214.59694,48594,39704,31214,25394,.195)

DATA (SL=1,18511,322191.49191,69391,.88642,12612,398,2,69292.,974%,
13622993,446493,59593,744693,85803,942+6,015+4,089¢4,154+4,195)

DATA (HSEB=]132.,8¢=109¢961=87¢591=65:719=44,271=23,1891=2.,45¢118+.06¢
138,32:+58,50)

DATA (TS=24.845v27.175929.310¢31.299933.176,34.962036.67293803179
139.904+4) ,456)

OATA (Ss=10185‘1c2°7’102290l0249010267010284’102999103150103310
11.,347)

DATA (LOC=30941s17937957075+9911791419157917391934217+2414271»
1303+424+454494699504)

DATA (JP=119445959304931494949594949598B91193039716)

DATA (MX=3029303919291929202939292939649319195,4)

DATA (BP=800¢0915000920¢092¢0¢50040910040320009000909=5,000009=5,0
198814761587:84909293.921040)

DATA (BM=170e09170,09170.09170,00425.00425,09425,09425,002000,0,
1200040+200040+050000095000609500060960409=110609=11940,42.65,42,65,
242.65)

DATA (DP=900+9150¢930¢93¢9500¢91000920¢95¢910004910069109100007
1100091049587 :849440,889293,929220,46929.392+2,9392)

DATA (DH=85,3:85,3985,3¢85,39275,00275,09275,04275,041000,0,1000,0
191000,0930006003000609300060937¢09170091860+31,99,31,99,31.99)

P=PRES

HsENTH

IF(HeLEs17046) GO TO 11

IF{H.BE+425,9) GO TO &

IF(PLE«T00.,0) GO TO 1

N=1

GO TO 33

1 IF(PJLE.145,0) GO YO 2

N=2

GO TO 33

2 IF(P.LE«17+0) GO TO 3



10
11

12

13

14

15

16
20

2l

22

N=3

G0 T0 33

N=4

GO TO 33

IF(H,GE.1800.,0) GO TO 8
IF(PeLLEs450,0) GO TO S
N=5

GO TO 33

IF(P.LE«70.0) GO TO 6
N=6

GO TO 33

IF(PsLTe1840) GO TO 7
N=7

GO TO 33

N=8

GO TO 33

IF(HeGE.5000.,0) GO TO 10
N=9

IF(PelLEe37540) N=N+]
IF(P.LE.‘0.0) N=N+}

60 70 33

N=l2

GO TO 9

IF(P.LE.80040) GO TO 13
IF(HeLE+60.0) GO TO 12
N=15

GO TO 33

Nm16

G0 T0 27

IF(H.GE+43.0) GO TO 14
IF(P+GE+58T.84) GO TO }P2
N=17

GO TO 20

IF(P.LEs191,0) GO TO 15
N=18

60 TO 33

IF(P.LE.18.0) GO TO 16
N=19

GO TO 20

N=20

IF(P.GT+187.506) GO TO 27
DO 24 1=2,19
IF(P=R(1))22+21+24
HLIQ=HL (])

HGAS=HG ()

StIQ=SL(])

SGAS=S8G(])

GO0 T0 25

DzR(I)=R(1=1)

PRR=R(]) =P

PPR2P=R(I=])
HLIQ=(HL (1) #PPReHL (I=1)%PRR) /D
HGAS= (HG (1) #PPR+HG (I=1)#PRR) /D
SLIQ=(SL(I)#PPReSL (I=1)#PRR)/D
SGASE (SG(1) #PPR+SG(1I=]1)#PRR) /D
GO0 TO 25




24
25

27

33

CONTINUE

IF(H.GT HBAS) GO TO 27

IF(HJLTWHLIQ) GO TO 27

PHENTR= (H=HLIQ)/ (HGAS~HLIQ) # (SGAS=-SLIQ) +SLIQ
RETURN

PR=P/587.84

I=PR

IF(I1.GT.8) 1=8

F=PR~1

FP=l.0-F

HSOL=FP#HS(1+1) +F#KHS(I+2)

IF(H.GT+HSOL) GO TO 33

PHENTRSFP®#SS (1] ) +F#SS(I+2) = (HSOL=H) *(FPH#TS(I+]) ¢F#TS(I+2))
RETURN

FP=(P=BP (N))/DP(N)

I1P=FP

IF(IP.,GTeMX(N)) IPaMX(N)

F=FP~]IP

FP=1l,0~F

FH= (H=BH (N) ) /7DH (N)

IH=FH

FFsFH=IH

FH=1+0~FF

IsIH®JP (N) ¢ IP«LOC(N)

Jel+JP (N)
PHENTRFPH#FHOS (1) oFHFH®S (I¢ ) )+FPHFF®S(J) +F#*FF#S(Jes])
RETURN

END




1.2 Oxygen

The apparatus which was used for PVT determinations on hydro-
gen has been modified by L. A. Weber. A first set of measurements on
oxygen has been correlated and is reported in a Lab Note, listed below.
It would be valuable to measure specific heats of oxygen (to check the
thermodynamic properties network). This work might be undertaken by

D. E. Diller upon his return from a year of academic leave,

1.3 Move to the New Building
During recent months, B. A. Younglove has reconstructed ap-
paratus, cryostats, vacuum systems, and instrumentation used for

dielectric constant, viscosity and sonic velocities.

Publications

1. R. B. Stewart and H. M. Roder, Properties of Normal and
Para Hydrogen. Chapter 11 in Technology and Uses of Liquid
Hydrogen. Scott, Denton, and Nicholls, Editors, Pergamon
Press, Inc., New York (1964). [ Noted in 16th Progress Report,
NBS Report 8728, page 27, item 19. ]

2. Dwain E. Diller, Measurements of the Viscosity of Parahydrogen,
J. Chem. Phys. 42 (6), 2089-2100 (15 March 1965).

3. H. M. Roder, L. A. Weber, and R. D. Goodwin, Thermodynamic
and Related Properties of Parahydrogen from the Triple Point to
100°K at Pressures to 340 Atmospheres, NBS Monograph 94 (in
press July 1965).

4. Benny A. Younglove, Speed of Sound in Fluid Parahydrogen, J.
Acoustical Soc. Am. Publication due in the September 1965
issue (Experimental measurements, 15 to 100°K, up to 300

atm.).
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Lloyd A. Weber, Density of Compressed Liquid Oxygen from 88
to 108°K, NBS Cryogenics Division Lab Note No. 65-17, July
1965.

R. J. Corruccini, Refractive Index and Dispersion of Liquid
Hydrogen, NBS-CD Lab Notes 64-16, 65-4 (in press July 1965
as an NBS Technical Note).

R. J. Corruccini, Surface Tensions of Normal and Para

Hydrogen, (in press July 1965 as an NBS Technical Note).
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2. Cryogenic Metrology (Instrumentation)

2.0 General Comments

Personnel contributing to the activity during this period were:
W. J. Alspach, D. A. Burgeson, J. W. Dean, T. M. Flynn, R. J.
Richards, and N. C. Winchester.

2.1 Temperature
The following is a report on an analysis of the temperature

response of a simple thermometer:

The Instrument Society of America defines time constant as
the length of time required for the output of a transducer to rise to 63%
of its final value as a result of a step change of measurand. NASA is
currently sponsoring cryogenic thermometer research and is using
this definition in their specifications. As a result, several private
companies and government laboratories are measuring thermometer
time constants - each using a slightly different technique. Some are
creating step temperature changes by plunging a room temperature
thermometer into the cryogen, some precool the thermometer first,
while others create the temperature change by withdrawing the ther-
mometer from the cryogen. This note analyzes the problem with the

aid of an analog computer.

Mathematical Basis of Time Response

The business of time response is based on the simple mathe-
matics of heat flow into or out of a bolus of material - say a block of

copper. The equation is:

dT
C_dT = q, (1)

It

where: C = thermal capacitance of copper block

T = temperature above liquid boiling temperature
6 = time

q = heat transfer rate

12




The heat transfer rate is then written in terms of the thermal resist-

ance, R, to heat flow and is defined as:

T
R= — 2
T (2)
combining (1) and (2) results in:
dT
RC e T. (3)

The RC term of (3) has the dimensions of time and is called = The well
known solution of the linear ordinary differential equation (3) to a step

temperature change is:

6
T=1-e T

(4)
When T has completed 63.2% of its change, 6will equal = The time
required for this to occur is defined as the time constant. Note that the

time constant is independent of the size of the initial temperature change.

Model of Single Mass Thermometer

The simplest mechanically constructed thermometer possible
is the thermocouple made by twisting wires of material with different
thermoelectric properties together without other constraints. The
thermocouple junction best represents the single thermal capacitance
block used in equation (1). Platinum resistance thermometers are
made of several mechanical components, each with a thermal capaci-
tance; thus equation (1) does not represent this thermometer. A set
of equations similar to (1) could be written for each capacitance lead-
ing to a high order differential equation, but this approach will not be
covered in this note. Germanium, gallium diodes, and other single
mass thermometer elements are sufficiently represented by equation
(1), except when they are enclosed by a thermometer well or probe.

The heat transfer into the thermometer may be by radiation,
conduction down the lead wires, and by convection. The term q, on

the right of equation (1) should include these three components. For

13



simplification, ignore radiation since its contribution will be small
and assume that the lead wires are tempered so that no conduction

occurs. Thus only convection is left.

The heat transfer by convection is controlled by the equation:
qg=hAT, (5)
where h = convection heat transfer coefficient A = area. By comparing
(5) with (2) it may be seen that:

1
R= %5 - (6)

The thermal capacitance may be written in terms of its mass and spe-

cific heat. Thus:
C=mC . (7)

Combining (6) and (7) into (3) results in:

mCy g7

A d 6

= hT. (t)

The parameter, m Cp/A, is a characterization of the thermometer
while the parameter, h, is a characterization of its environment. The
parameter, m Cp/A, is constant for each thermometer except for the
temperature dependency of the specific heat, but the film coefficient
depends on the cryogen used as well as the thermometer temperature.
In order that equation (4) represent the solution of (8), the film coef-
ficient and specific heat term must be held constant. This is not the

case when a thermometer is plunged into a boiling cryogen.

Consider the case of pool boiling in liquid nitrogen. Table I
gives values for the boiling film coefficient [1] as a function of the

temperature above the normal boiling temperature.
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Table I

h

_°K watt/crnz- °K
1 .05

10 .52

40 .05

100 | .02

200 .015

These values are an average of many experimental points that vary
over an order of magnitude. Table I represents the possible charac-
terization of a pool boiling condition. Thus h = f(T) and equation (8) is
a non-linear ordinary differential equation. Equation (8) is also non-
linear because Cp = {(T); however, this is not as strong a dependency

and will be considered as an average value in the solution that follows.

Analog Model

Equation (8) has been solved on our REAC analog computer.

Assuming that the liquid nitrogen is boiling at 78°K and that the origi-
nal thermometer temperature is 300°K, then the maximum T is 300-
78°K or 222°K. The maximum value of h of 1 wa,tt/cm2 - °K was used,

The magnitude scaling is shown in Table II.

Table II
Variable Max. Value Scale Factor Scaled Variable
T 200°K 100/222 volts/°K [.45T]
T scaled same as T [ .45T]
h 1 w/cm2-°K 100/1watt/cm2-°Kvolt [ 100h]

Some approximate values needed to determine the coefficient

cquation {8) are:
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m = .5 grams
Cp = .4 watt-sec/gr-°K
A = 1 crn2

From the above it may be calculated that a typical value of ch/K is

.2 watt-sec/cm“-°K. Thus the scaled equation is:

5

[100nh][.45 T],

The hundred term in the denominator comes from the use of the multi-

plier. The analog flow diagram is shown in Fig. 1.

—£.45T]|0D[45T]
| h=7(T)

A [100h]

mCpl0 ">

X

—-[100h][.45T]
i00

Fig. 1

The problem was run for values of me/A ranging from .1to 1.0 to

cover a wide range.

Results
The results of the analog model for various temperature
steps are shown in Fig. 2. The 222°K step corresponds to plunging

the room temperature thermometer into boiling liquid nitrogen. The
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Fig.2
. Analog Calculated Dynamic Response.to a Temperature
‘ Step
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Fig. 3
Experimental Dynamic Response of a Cu-Cn Thermocouple to a Temperature
Step
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other temperatures correspond to various degrees of precooling.
Experimental verification of the analog model is shown in Fig. 3.

The same curve shapes are obtained; the difference in the time

scale is due to the difference between the mass of the calculated and
tested thermocouple junction. The experimental work is that of C. E.

Miller [2]. Fig. 4 shows the effect of varying the parameter, me/A-

As a comparison, experimental results taken for a multiple
mass platinum resistance thermometer are shown in Fig. 5. This

work was done by M. D. Bunch [3].

Discussion

The experimental curve for the thermocouple is similar in
shape to the calculated curve, however, a slight departure occurs.
This may be due to the lead wire conduction, the temperature
dependency of the specific heat of the thermocouple junction or the
difference between the realized h-T relationship and the one used in
Table I. It is interesting to note that thermometers that have elements
protected in probes, typically a platinum resistance thermometer, do
not have the same characteristics response curve of the single mass
thermometer.

It is thought that the pool boiling heat transfer coefficient, h,
is the controlling mode of heat transfer for the simple thermocouple
while the heat transfer into the platinum thermometer is more complex.
The conduction across a layer of gas near the platinum wire probably
controls the heat transfer rather than the pool boiling coefficient that
occurs at the probe wall.

It is seen that the time for the thermometer to reach equili-
brium temperature after a step temperature change is a strong func-
tion of the pool boiling coefficient, the thermometer geometry, and

the thermometer characterization coefficient, mC /A. Since the
P
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Fig. 5

Dynamic Response of a Typical Platinum Resistance Thermometer
to a Temperature Step
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response time is a function of the pool boiling coefficient, it is also a
function of temperature. Thus the three different techniques mentioned
in the introduction will give three different time constants for the same

thermometer.

Conclusions

The analog computer is a useful tool for modeling the response
time of temperature transducers. The single mass thermometer has
been successfully modeled on the computer and a model of a multi-mass
thermometer could be attempted.

The time constant as defined by the ISA actually depends on
the temperature step used for both theoretical and experimental thermo-
couples. Thus, the time constant reported for thermometers built by
different manufacturers using different testing techniques for cryogenic
thermometers are not comparable. Therefore, it appears that time
constants as reported by manufacturers using a variety of measurement

techniques is of little utility.

References

[1] "Nucleate and Film Pool Boiling Design Correlations for OZ'
NZ’ HZ’ and He'* E. G. Brentari and R. V. Smith, 1964
Cryogenic Engineering Conference paper P-1.

[2] NBS Report 7279.

[3] NBS Report 8213.
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2.2 Pressure

Considerable thought has been given to the problem of
designing a pressure transducer for cryogenic service. The following
describes this problem:

Design Problems of Isostatic Pressure Transducers
for Cryogenic Service

Introduction

It has been shown [1] that the problem with cryogenic pres-
sure transducers is due to the change in the properties of materials in
the various transduction components. The change in the modulus of
elasticity of the force summing element, either a Bourdon tube, a
diaphragm,or a bellows, is the main cause of sensitivity shifts at cryo-
genic temperatures. The temperature dependency of the expansivity of
the metals comprising the various linkage elements is the prime con-
tributor to zero shifts. These effects can be temperature compensated
over a range of 300 or 400°F in the order of 2 to 5 percent; however,
this requires uniform temperature conditions throughout the pressure

transducer. Temperature gradient effects can cause errors in excess

of 100 percent of full scale. In order to avoid these temperature effects,

it is thought to be useful to design a pressure transducer without the
usual diaphragm and linkage element. Such a pressure transducer may
be made by an isostatic design. The object of this note is to document

some of the foreseen design problems in this approach.

Analysis

The electrical output of a pressure transducer may be con-
sidered as a function of pressure, temperature, strain, acceleration,
and other inputs. For the purpose of this work let us consider the
electrical output as a function of pressure and its major interference

input, temperature. Writing the total differential of this relationship;
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aeo aeo
de0=<ap >po+<ar>dT (1)

The first coefficient of equation (1) is the sensitivity of the pressure
transducer, while the second coefficient is the zero shift coefficient.
In an ideal pressure transducer the sensitivity remains constant through-
out the temperature range while the zero shift coefficient is zero. In
practice ideality is never achieved. A possible solution is to make the
dT term of equation ( |l )be zero by controlling the environment tempera-
ture at a constant level. Under this condition the temperature dependency
of the first coefficient of equation (1) the sensitivity, does not matter.
The problem with this approach is that a special environmental chamber
must be built for the pressure transducer, or a leng tube must be used
to remove the pressure transducer from the cryogenic environment.
Pressure transducers environmental chambers have been described in
[1, 21].

An isostatic pressure transducer may be built from a
material whose electric resistivity is a sufficiently strong function of
pressure. The electrical resistivity of most material is a function of
pressure,temperature and strain. Now write the total differential for
this relationship:

ar = (28

oR
5P - de . (2)

8R
dp + (575 5 'T. P

Edt+(

T, € )P,

Dividing both sides of equation [2] by R, the results are as follows:

R

dR 1 1

oR dp + 1 B8R

R R(BP )T,e E(é_T_)P,e de (3)

R )
d¢ 'T, P

Equation (3) is an expression for the unit change of resistance of a

material in terms of the resistance-pressure coefficient, the resistance-

temperature coefficient, and resistance-strain coefficient. The last
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coefficient, the resistance strain coefficient, is usually written as a
gage factor. For the rest of this work, we will not consider strain. We
will assume that the material is mounted in a strain free manner and
that the third term of equation (3) will thus drop out. The first coef-
ficient is here called the isostatic coefficient. This coefficient defines
the resistance change in a rﬂaterial due to a uniformly applied (isostatic)
pressure. The term piezoresistance coefficient has not been used as it
does not adequately define the difference between the resistance-pressure
coefficient and the resistance-strain coefficient. In some commercial
pressure transducers now on the market, pressure is applied to an ele-
ment by mechanical strain and the resulting instrument is called a
piezoresistive transducer. In this work the term isostatic pressure
transducers is reserved for those whose resistance and thus electrical
output change is caused only by the direct application of a pressurizing
fluid.

With the strain term removed, equation (3) looks like
equation (1). Thus the same problem of differentiating between tempera-
ture and pressure effects will occur with the isostatic pressure trans-
ducer. Usually the temperature coefficient is considerably larger than
the isostatic coefficient, therefore this approach does not look initially
attractive. Again, an environmental chamber might be used to elimi-
nate the temperature effects. However, the use of resistive elements
allows its application in a subtractive electrical network, such as
wheatstone bridge. If all resistive elements in this bridge do not have
the same isostatic coefficient and the same temperature coefficient
proper operation will be achieved only in a uniform temperature en-
vironment. In order to attain an infinite common mode rejection ratio
for this circuit, the temperature of the various detective elements and

their pressure-temperature coefficients must be identical. Therefore,

it is necessary to mount all the resistive elements in thermal contact
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with a copper block or other high thermal conductivity material. Thus
the design for an isostatic pressure transducer becomes one primarily
of heat transfer considerations and of matching the pressure-resistance
and temperature-resistance coefficients in a bridge circuit.

The equation for the output of a Wheatstone bridge is:

ne, AR
e = 1 (4 )
o ——————
4R
where
n = number of active bridge arms
e, = exitation voltage
R = resistance
AR = change in resistance

Now writing the isostatic coefficient in terms of increments and sub-
stituting into equation (4) results in:

ne. ¢ Av
1

e = —5 (5)

where o is the isostatic coefficient {? -—%- . Two active arms
would normally be used for absolute and gage measurements, while
four active arms would be used for differential measurements.
Table I is a list of average isostatic coefficients for several
materials.

The insertion of the values for the isostatic coefficients from
Table I into equation (5) allows the calculation of bridge output. Exci-
tation voltages of up to 15 volts have be